Streptococcus pyogenes secretes several proteins that influence host-pathogen interactions. A tissue-culture model was used to study the influence of the secreted cysteine protease streptococcal erythrogenic toxin B (SPE B) on the interaction between S. pyogenes strain NZ131 (serotype M49) and mammalian cells. Inactivation of the speB gene enhanced fibronectin-dependent uptake of the pathogen by Chinese hamster ovary (CHO-K1) cells compared to that in the isogenic wild-type strain. Preincubation of the NZ131 speB mutant with purified SPE B protease significantly inhibited fibronectin-dependent uptake by both CHO-K1 and CHO-pgs745 cells. The effect was attributed to an abrogation of fibronectin binding to the surface of the bacteria that did not involve either the M49 protein or the streptococcal fibronectin-binding protein SfbI. In contrast, pretreatment of the NZ131 speB mutant with SPE B did not influence sulfated polysaccharide-mediated uptake by CHOpgs745 cells. The results indicate that the SPE B protease specifically alters bacterial cell surface proteins and thereby influences pathogen uptake.
The severity of human infection with the group A streptococcus (GAS) Streptococcus pyogenes ranges from asymptomatic colonization and uncomplicated pharyngitis to severe invasive diseases, including streptococcal toxic shock syndrome and necrotizing fasciitis. In addition, two postinfection sequelae, rheumatic fever and acute glomerulonephritis, may develop. The broad spectrum of clinical manifestations reflects the complexity of the interaction between S. pyogenes and humans.
S. pyogenes secretes many proteins that contribute to virulence. One of these proteins, streptococcal erythrogenic toxin B, also known as streptococcal pyrogenic toxin B (SPE B), is a secreted cysteine protease that contributes to virulence in murine models of infection (23, 27) . The speB gene encodes a polypeptide consisting of 398 amino acids (16) , the crystal structure of which was recently solved at 1.6 Å (19) . Following secretion, the 40-kDa SPE B zymogen is activated by reduction and proteolysis to form a 28-kDa sulfhydryl protease (13, 14, 26) . In contrast to several other virulence-associated genes, all strains of S. pyogenes have the speB gene (46) . In strain NZ131 (serotype M49), SPE B production is associated with nutrient depletion during the stationary phase of growth (6) . However, the proteolytic activity of SPE B does not provide amino acids or peptides that are essential for growth in amino-acid-depleted medium (35) . Several biochemical properties of the SPE B protease are consistent with its contribution to virulence, including the ability to activate human interleukin 1␤ (20) and a 66-kDa human matrix metalloprotease (4) . In addition, SPE B degrades human vitronectin, cleaves fibronectin (Fn) (21) , induces apoptosis (24) , and releases active kinins from kininogen (17) .
Although typically considered to be an extracellular mucosal pathogen, LaPenta et al. (25) showed that S. pyogenes is internalized by cultured mammalian cells. Polypeptides that participate in GAS uptake include the streptococcal Fn-binding protein SfbI (29) and its structural variant F1 (18, 29, 31) and the M1 protein (9) . The M6 protein also contributes to uptake; however, its role is not well defined (18) . Bacterial surface proteins often mediate internalization by direct binding to mammalian cell surface receptors or eukaryotic glycoproteins, such as Fn. Fn can interact with mammalian cell integrins and, perhaps in conjunction with additional molecules, stimulate actin rearrangement and uptake of the bacteria into an intracellular vacuole. Recently, an alternative mechanism of pathogen uptake was described that is based on the ability of several bacteria, including S. pyogenes, to bind sulfated polysaccharides such as dextran sulfate (DS) or heparan sulfate (10) . In this system, sulfated polysaccharides form a molecular bridge between the bacterium and different types of eukaryotic glycoproteins, including Fn and vitronectin (11) , to enable bacterial uptake without the synthesis of specific bacterial Fn-binding proteins.
Inactivation of the speB gene in serotypes M1 and M49 decreased GAS uptake by A549 human respiratory cells (43) . In contrast, inactivation of speB in M2 and M3 serotypes increased streptococcal uptake by A549 cells (3) . The results indicate that the secreted protease influences pathogen uptake. Nonetheless, the molecular basis for SPE B alteration of streptococcal internalization remains unknown. The purpose of our study was to investigate the ability of SPE B to influence specific pathways of GAS uptake by cultured mammalian cells. dium (Difco Laboratories, Detroit, Mich.) supplemented with 0.2% yeast extract (THY) or with Trypticase soy agar containing 5% sheep blood (Becton Dickinson, Cockeysville, Md.) at 37°C in 10% CO 2 . Exponential-and stationary-phase cultures corresponded to A 600 s of Ϸ0.2 and Ϸ0.6, respectively. Escherichia coli cells were grown at 37°C in Luria-Bertani (LB) broth or on LB agar plates containing, when appropriate, kanamycin (80 g/ml).
Isolation of SPE B. S. pyogenes NZ131 was grown without agitation for 48 h in 50 ml of dialyzed THY medium (5) at 37°C in 5% CO 2 . The bacteria were collected by centrifugation for 15 min at 6,430 ϫ g at 4°C, and the supernatant fluid was concentrated 120-fold with a Centricon-10 microconcentrator (Amicon, Inc., Beverly, Mass.). The concentrated supernatant fluid was reduced with 0.1% (vol/vol) 2-mercaptoethanol (Sigma) and stored at 4°C. The preparation was greater than 95% pure as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining. Western blot analysis with antiserum to SPE B (provided by Dieter Gerlach, Jena, Germany) confirmed that the protein isolated was SPE B. A similar procedure was used to prepare SPE B consisting predominantly of the zymogen form of the protein, except that prior to reduction with 2-mercaptoethanol, the preparation was dialyzed overnight against 10 mM sodium acetate buffer. The preparation remained stable for several months, as assessed by SDS-PAGE and the level of protease activity.
Internalization assay. CHO-K1 and CHO-pgs745 cells were grown on 12-mmdiameter glass coverslips in 24-well plates in RPMI 1640 containing 5% FCS until nearly confluent. Prior to the addition of bacteria, the cells were rinsed in serum-free Dulbecco's modified Eagle's medium (DMEM; Life Technologies), and 1 ml of DMEM, containing FCS or human Fn (Becton Dickinson) when appropriate, was added to each well. Approximately 10 7 streptococci in 10 l of DMEM were added to each well at an infection ratio of 100:1, and the plates were incubated at 37°C with 5% CO 2 . Following 2 h of incubation, the cells were washed four times with 1 ml of Dulbecco's phosphate-buffered saline (DPBS; 140 mM NaCl, 2. [pH 7.4] ). Extracellular bacteria were distinguished from intracellular bacteria by immunogold-silver staining with polyclonal antiserum specific for GAS (dilution, 1/500; Biodesign, Kennebunk, Maine), as previously described (10, 45) . The number of intracellular streptococci in each of 50 randomly selected cells was determined for each well by light microscopy. The data are reported as the mean Ϯ standard error of the mean from at least three independent experiments. Sulfated-polysaccharide-mediated internalization assays were done as previously described (10) . Briefly, approximately 10 8 bacteria were preincubated in 100 l of HEPES-buffered saline (HBS; 10 mM HEPES, 145 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 5 mM glucose [pH 7.2]) containing 5 g of DS per ml (average molecular weight, 500,000; Sigma Chemical Co., St. Louis, Mo.). After 10 min on ice, the bacteria were collected by centrifugation for 5 min at 16,000 ϫ g at 20°C, washed twice with HBS, and resuspended in 100 l of HBS containing 5 g of Fn per ml (Becton Dickinson), as previously described (10) . Following a 10-min incubation on ice, the bacteria were pelleted and resuspended in 100 l of DMEM, and 10 l (10 7 bacteria) was added to each well. The infection assay was carried out as described above.
Protease activity assay and inhibition. The proteolytic activity of SPE B was determined with azocasein (Sigma) as a substrate. Briefly, 1 to 5 l of SPE B was added to 100 l of 2.7 mg of azocasein/ml in 50 mM sodium acetate buffer (pH 5.5). The mixture was incubated at 37°C for 1 h prior to the addition of 25 l of 15% ice-cold trichloroacetic acid. After 15 min on ice, the mixture was centrifuged for 15 min at 16,000 ϫ g at 4°C, and the A 445 of the supernatant fluid was measured with a Beckman DU-65 spectrophotometer (Beckman Instruments, Somerset, N.J.). One unit of activity was defined as the amount of enzyme required to result in a 0.1 change in A 445 following a 60-min incubation with azocasein at 37°C. The peptide inhibitor of the SPE B protease, Z-Leu-Val-Glydiazomethylketone (LVG), was purchased from BACHEM California, Inc. (Torrance, Calif.).
Preincubation of NZ131 speB with SPE B. NZ131 speB (10 8 CFU) was suspended in 100 l of spent medium prepared from the speB mutant and supplemented with purified SPE B for 1 h at 37°C. Following preincubation, the bacteria were collected by centrifugation and washed three times with DMEM. The bacteria were resuspended in 100 l of DMEM, and 10 l (10 7 bacteria) was added to wells containing either CHO-K1 or CHO-pgs745 cells to assess internalization, as described above. Preincubation with 0.3 and 1.0 U of protease activity corresponded to an SPE B concentration that was 25% of that present in the supernatant fluid of NZ131 after 18 h of growth in dialyzed THY broth medium. The two levels of protease activity resulted from variation in the conversion of the zymogen to the protease. The SPE B zymogen preparation contained 0.1 U of proteolytic activity and corresponded to 120% of the concentration of SPE B present in the supernatant fluid of an 18-h culture of NZ131.
Inactivation of emm49. The chromosomal emm49 gene of NZ131 was insertionally inactivated by electrotransformation of NZ131 speB with the suicide plasmid pRML500. To construct pRML500, an approximately 900-bp internal region of the emm49 gene was amplified by PCR. Oligonucleotide primers (9) emmF (5Ј-GGCGGGAATCCACTATTCGCTTAGA-3Ј) and emmR (5Ј-GGCG GGAATTCAGTTCTTCAGCTTGT-3Ј) were purchased from Genemed Biotechnologies, Inc. (San Francisco, Calif.). Thirty cycles of amplification were carried out with a Perkin-Elmer 9600 DNA thermocycler with strand denaturation (15 s at 94°C), annealing (30 s at 45°C), and elongation (1 min at 72°C). The total volume of the PCR mixture was 50 l and consisted of 1 l of chromosomal DNA isolated from NZ131 (5), 0.4 M each primer, 20 M deoxynucleoside triphosphates (dNTPs), 4 mM Mg 2ϩ , and 2.5 U of AmpliTaq DNA polymerase (Perkin-Elmer, Branchburg, N.J.). Following amplification, the PCR mixture was separated by agarose gel electrophoresis, and the approximately 900-bp amplicon was purified with a Qiaex purification kit (Qiagen, Chatsworth, Calif.), as described by the manufacturer. The purified amplicon was cloned into pCR2.1 (Invitrogen, San Diego, Calif.) as described by the manufacturer. The recombinant plasmid was digested with EcoRI, and an approximately 900-bp fragment, containing an internal region of the emm49 gene, was purified with a Qiaex purification kit (Qiagen) following agarose gel electrophoresis. The fragment was then ligated with T4 DNA ligase (New England Biolabs, Inc., Beverly, Mass.) to (41) . Following confirmation of the composition of the recombinant plasmid, designated pRML500, the plasmid was introduced into NZ131 speB by electroporation, essentially as previously described (38) . Transformants were selected on THY agar plates containing 200 g of kanamycin per ml. Insertion of pRML500 into the emm49 locus was confirmed by Southern hybridization analysis. Southern blot analysis. Southern blot analysis was used to confirm the insertion of pRML500 into the emm49 locus. Streptococcal chromosomal DNA was isolated from NZ131 speB and one kanamycin-resistant (Kan r ) transformant, as previously described (5) . DNA was digested with various restriction endonucleases, including SspI (New England Biolabs). Following digestion, the fragments were separated by agarose gel electrophoresis and transferred to Nytran (Schleicher & Schuell, Keene, N.H.), as previously described (36) . The emm49 probe consisted of the purified EcoRI fragment isolated from pRML500. The emm49 probe and EcoRI-digested pSF141 were labeled with biotin with the NEBlot Phototope kit, as described by the manufacturer (New England Biolabs). Hybridization was done under stringent conditions (65°C, 0.5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% SDS). Two fragments of SspIdigested DNA isolated from the Kan r transformant hybridized to the emm49 probe, as predicted by the additional SspI site present in pSF141 (data not shown). In contrast, only a single fragment of SspI-digested DNA from NZ131 speB hybridized to the emm49 probe (data not shown). In addition, the pSF141 probe hybridized to two fragments, similar in size to the fragments that hybridized to the emm49 probe, of SspI-digested DNA from the Kan r transformant. The pSF141 probe did not hybridize to DNA isolated from NZ131 speB. The results confirmed that pRML500 had inserted into the emm49 locus.
SDS-PAGE and immunoblot analysis. Inactivation of emm49 was verified by Western blotting with M49 specific antiserum (provided by J. B. Dale, Department of Medicine, University of Tennessee, Memphis). Briefly, whole-cell lysates from approximately 10 8 streptococci were analyzed by SDS-PAGE with a 12.5% acrylamide resolving gel. Following electrophoresis, proteins were transferred to Immobilon-NC nitrocellulose membranes (Millipore Corp., Bedford, Mass.) with a Bio-Rad transfer apparatus and Towbin's buffer (42) . The nitrocellulose membrane was blocked with 5% skim milk in PBS containing 0.02% Tween 20 (PBST; 10 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 , 150 mM NaCl, 0.1% (vol/vol) polysorbate [Tween 20]) for 45 min. The membrane was washed with PBST, and rabbit antiserum against an M49 synthetic peptide diluted 1:500 in PBST was added to the blot and incubated for 1 h at room temperature. Protein A-horseradish peroxidase conjugate (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.) was added at a 1:10,000 dilution in PBST, and the blot was incubated for 1 h. The antibody-antigen complexes were visualized with the ECL (enhanced chemiluminescence) Western blotting detection system, as described by the manufacturer (Amersham). A similar immunoblot procedure was used to detect SfbI or its structural variant, F1, with rabbit antiserum to SfbI (provided by S. Talay and G. Molinari, GBF-National Research Center for Biotechnology, Braunschweig, Germany). The antiserum recognizes both the SfbI protein and F1.
Fn binding to NZ131. NZ131 speB (10 7 CFU) was incubated for 1 h at 37°C in either sterile spent medium prepared from the speB mutant or spent medium containing purified SPE B protease (0.3 U of proteolytic activity). Following preincubation, the bacteria were collected by centrifugation, washed three times with HBS, and resuspended in 100 l of HBS containing purified human Fn (0.5 g; Becton Dickinson). Following a 10-min incubation on ice, the bacteria were washed three times with HBS. To assess Fn binding, the bacteria were suspended in SDS-PAGE loading buffer and analyzed by SDS-PAGE. Fn associated with the bacteria was detected by Western blotting with the Fn-specific antibody HB91 (44) and horseradish peroxidase-conjugated protein A (Sigma) as described above.
RESULTS
Inactivation of the speB gene enhances uptake of NZ131 by CHO-K1 cells. The role of bacterial extracellular products in the uptake of S. pyogenes by cultured mammalian cells was assessed by infecting CHO-K1 monolayers with isogenic NZ131 wild-type and speB mutant strains. After 2 h of infection, the host cells were extensively washed and then fixed, and the number of intracellular bacteria was determined microscopically. Both logarithmic-and stationary-phase bacteria were efficiently internalized in an FCS-dependent fashion (Fig.  1A) . The speB mutant was internalized more efficiently than the wild-type strain (Fig. 1A) . For comparison, the uptake of strain 86-858 (M12) was also assessed. No significant difference was observed between the magnitude of internalization of NZ131 (M49) and that of strain 86-858 (M12) (Fig. 1B) . Similar results were obtained with CHO-pgs745 cells, which lack cell-surface proteoglycans (data not shown), indicating that internalization did not require this class of surface molecules. Together, the results suggested that the expression of the extracellular cysteine protease SPE B inhibited internalization of S. pyogenes by CHO-K1 cells.
Evidence that SPE B abrogates internalization of NZ131 by CHO-pgs745 cells. The target of the putative internalization regulatory activity of SPE B was investigated by comparing the uptake of NZ131 speB preincubated with either sterile spent medium prepared from NZ131 speB or with the same medium containing purified SPE B (0.3 U of caseinolytic activity) for 1 h at 37°C. The preincubation was done in sterile spent medium to mimic conditions associated with speB expression during the stationary phase of growth. Following preincubation, the bacterial cells were collected by centrifugation, resuspended in DMEM, and added to CHO-pgs745 monolayers. Preincubation of NZ131 speB with spent medium containing the SPE B protease (0.3 U) inhibited internalization in the presence of 5% FCS by approximately 50% compared to treatment with spent medium alone (Fig. 2A) . The results suggested that SPE B altered a bacterial cell surface property that was essential for internalization.
To determine if serum factors influenced SPE B inhibition of uptake, pathogen uptake was assessed under serum-free conditions. Previous reports showed that the glycoproteins Fn and vitronectin could substitute for FCS to mediate efficient internalization of Neisseria gonorrhoeae by CHO-K1 cells (10, 44) . As a consequence, internalization of NZ131 speB by CHO-K1 cells in the presence of either purified vitronectin or Fn was assessed in serum-free infection assays. The results showed that NZ131 speB was efficiently internalized when as little as 0.25 g of purified human Fn per ml was present; purified vitronectin alone did not mediate uptake (data not shown).
To determine if there was a correlation between the amount of SPE B protease activity used to pretreat the bacteria and inhibition of uptake, NZ131 speB was preincubated with either activated SPE B protease or an SPE B preparation consisting primarily of the zymogen. Bacteria preincubated with the SPE B zymogen preparation, which contained minimal protease activity (0.1 U; see Materials and Methods), were internalized nearly as efficiently as bacteria that were preincubated with spent medium alone (Fig. 2B) . In contrast, treatment with proteolytically active SPE B (0.3 U) markedly reduced bacterial internalization (Fig. 2B) . To confirm the results, additional internalization assays were done with bacteria that had been preincubated with the purified protease (1.0 U) in the absence or presence of the tripeptide LVG (20 g/ml), a potent inhibitor of SPE B proteolytic activity (2) . The tripeptide completely inhibited the effect of SPE B on internalization (data not shown). This effect was not observed when the inhibitor (LVG; 20 g/ml) was present during the infection assay, instead of during preincubation, excluding the possibility that residual bacterial cell surface-associated enzymatic activity was transferred to the wells and inhibited internalization by altering eukaryotic cell components. SPE B protease abrogated Fn binding by NZ131. The results presented above suggested that SPE B moderated internalization by cleaving one or more streptococcal Fn-binding proteins. To test this hypothesis, the binding of purified human Fn to NZ131 speB was investigated. NZ131 speB was preincubated with spent medium alone or with spent medium containing the SPE B protease. After removal of enzyme by washing, the speB mutant was incubated with Fn for 10 min on ice. Fn bound to the bacteria was detected by Western blotting with the Fnspecific antibody HB91. Bacteria preincubated with spent medium alone bound Fn (Fig. 3, lane 1) . In contrast, bacteria preincubated with purified SPE B protease (0.3 U) did not bind Fn (Fig. 3, lane 2) . The results strongly suggest that SPE B-associated inhibition of bacterial internalization is caused by an abrogation of Fn binding to the bacterial cell surface.
Fn-dependent cell entry of NZ131 speB is not mediated by SfbI, F1, or M49. Previously identified Fn-binding proteins that facilitate internalization of S. pyogenes include SfbI (29) ; its structural variant, F1 (18, 31, 34) ; and M1 (9) . The SPE B protease degrades M1 from the bacterial surface (1), which suggested a possible mechanism for SPE B abrogation of Fndependent uptake. In an attempt to identify the target of SPE B that influenced internalization, we determined whether SfbI, F1, or M49 facilitated NZ131 speB entry into CHO-K1 and CHO-pgs745 cells. Western blotting with antiserum that recognized both SfbI and F1 showed that NZ131 does not synthesize either protein (data not shown). To determine if the M49 protein was cleaved by SPE B, Western blots were performed with whole bacteria preincubated with the SPE B protease under the same conditions used for the internalization experiments. Probing of the blots with M49-specific antisera showed that SPE B (1.0 U) degraded M49 from the bacterial cell surface (data not shown).
To definitively assess the contribution of the M49 protein to internalization, the emm49 gene was inactivated in NZ131 speB. Inactivation of the gene was confirmed by Southern and Western blots (see Materials and Methods). Internalization was subsequently assessed with both CHO-K1 and CHOpgs745 cells. The degree of internalization of the NZ131 speB emm49 mutant was similar to that of the isogenic parent strain (NZ131 speB) after preincubation with either the SPE B zymogen preparation (0.1 U) or spent medium alone (Fig. 4) . Furthermore, internalization of the NZ131 speB emm49 mutant was diminished by preincubation with the SPE B protease (1.0 U), similar to the results obtained with NZ131 speB (Fig.  4) . The data indicated that M49 was not required for Fnmediated internalization of NZ131 by CHO-pgs745 cells and that SPE B acted on a different target to moderate uptake. SPE B affects specific pathways of Fn-mediated entry of S. pyogenes. To address the specificity of SPE B on the bacterial cell surface, we took advantage of the recent finding that sulfated polysaccharides form a molecular bridge between bacterial surface proteins and various ligands, including Fn and on October 14, 2017 by guest http://iai.asm.org/ vitronectin, to promote internalization of pathogenic bacteria (10, 44) . This event does not involve direct binding of Fn to the bacterial cell surface and thus may serve as a tool to determine the specificity of the SPE B effect on pathogen uptake. To test the effect of SPE B on polysaccharide-mediated internalization, NZ131 speB was treated with spent medium alone or with spent medium containing the purified SPE B protease (1.0 U). Following centrifugation, the bacteria were suspended and preincubated with DS prior to incubation with Fn (10). The bacteria were then added to CHO-pgs745 cells, and internalization was assessed. Preincubation with the SPE B protease had no significant influence on sulfated polysaccharide-mediated internalization compared to that in sham-treated controls (5.6 Ϯ 0.9 and 5.3 Ϯ 0.6 streptococci per cell, respectively). Control experiments showed that preincubation with the protease ablated Fn-mediated internalization compared to that in the sham-treated controls (0.0 Ϯ 0.0 and 8.8 Ϯ 1.7, respectively). The binding of DS to NZ131 speB after preincubation with the SPE B protease (1.0 U) was confirmed microscopically with DS conjugated to fluorescein (data not shown). The results showed that the internalization of NZ131 speB by a sulfatedpolysaccharide-mediated mechanism was not sensitive to the proteolytic activity associated with SPE B, in contrast to uptake by direct Fn binding. Thus, SPE B altered only a subset of streptococcal surface proteins.
DISCUSSION
S. pyogenes secretes several proteins that influence the hostpathogen interaction. We used a tissue culture model to detect and characterize SPE B-mediated changes in the uptake of S. pyogenes by cultured mammalian cells. Our results with strain NZ131 indicate that SPE B inhibits Fn-dependent internalization into CHO-K1 and CHO-pgs745 cells by cleaving distinct bacterial surface receptors. In contrast, SPE B had virtually no effect on the Fn-dependent sulfated-polysaccharide-mediated mechanism of internalization. Thus, SPE B can be considered as an important determinant of the interactions between the pathogen and host cells.
Infection experiments using an speB mutant and reconstitution with purified enzyme indicated that SPE B negatively influences bacterial uptake. Further study of the mechanism behind this effect indicated that the observed effects of SPE B were caused by specific alterations in streptococcal surface properties. Preincubation of the microorganisms with purified protease decreased internalization, and this effect was completely abolished when the proteinase inhibitor peptide LVG was included in the preincubation step. Furthermore, when the inhibitor was present during the interaction of pretreated microorganisms with the mammalian cells, similar inhibition of internalization was observed, excluding the possibility that alterations in mammalian cell properties (if they exist) accounted for the result. Additional evidence that SPE B affected the bacterial cell surface was provided by the abrogation of Fn binding to the bacterial cell surface following treatment with the SPE B protease.
Several Fn-binding proteins, including M1 (8, 9) , SfbI (29), and F1 (18, 31, 34) , can facilitate Fn-dependent uptake of S. pyogenes by cultured mammalian cells. Neither SfbI nor F1 was detected in strain NZ131, consistent with a previous report that M49 strains do not possess the genes encoding these proteins (30) . The M protein of strain NZ131 (M49) was cleaved by SPE B. However, construction of an speB emm49 double mutant indicated that M49 was not required for NZ131 uptake by CHO-K1 cells. These data point to the presence of an additional Fn-binding protein on the surface of NZ131. This is not improbable, because many of the genes are present only in specific strains. The repertoire of genes encoding Fn-binding proteins in strain NZ131 is not known, and at this time, we do not know which protein or proteins are required for Fn-dependent uptake of NZ131 speB by CHO-K1 cells.
Internalization of S. pyogenes is a complex process that involves a variety of bacterial and host cell factors. Protein F1 binds Fn, which interacts with host-cell ␤1 integrins to promote uptake by HeLa cells (34) . Similarly, the M1 protein binds Fn, which interacts with ␣5␤1 integrins to promote entry into A549 cells (8) . M1 also facilitates laminin-dependent uptake through an alternate ␤1 integrin-that is, ␣1␤1, ␣2␤1, ␣3␤1, ␣6␤1, or ␣7␤1 (8). Strain NZ131 binds sulfated polysaccharides, which bind vitronectin or Fn to promote entry by CHO-K1 cells (10; this study). Finally, oligopeptides containing the sequence RGD stimulated the uptake of an M1 strain independently of M1 (8) . Our preincubation experiments showed that the SPE B protease abrogated Fn-mediated internalization of NZ131 speB by CHO-K1 cells, while it did not significantly alter Fndependent sulfated-polysaccharide-mediated uptake. This suggests that SPE B specifically degrades certain streptococcal receptors and that the protease redirects rather than abrogates streptococcal entry into host cells. However, SPE B cleaves Fn (21) and thus can affect polysaccharide-mediated uptake by direct cleavage of the glycoprotein. Thus, the protease may influence uptake both by degradation of Fn-binding proteins on the bacterial cell surface and by direct degradation of eukaryotic glycoproteins.
Similar to our results with CHO-K1 cells, speB mutants in serotypes M2 and M3 were internalized more efficiently by both human umbilical vein endothelial cells and A549 cells (3) . In contrast, inactivation of speB in NZ131 was previously reported to inhibit internalization by A549 cells (43) . CHO-K1 cells were used in the current study to distinguish between two pathways of pathogen uptake. CHO-K1 cells required the addition of Fn for Fn-mediated uptake of S. pyogenes (10; this paper), and CHO-pgs745 required exogenous sulfated polysac- charides to mediate uptake through a polysaccharide bridge. The pathways of uptake measured in previous studies were not characterized; thus, we can only speculate that the disparity between our results and those of Tsai et al. (43) results from different effects of the SPE B protease on alternative pathways of internalization.
The contribution of internalization to the virulence of S. pyogenes is not known. Internalized GAS were detected in pharyngeal epithelial cells in 93% of patients with tonsillitis (33) . In addition, M1 isolates from invasive disease are internalized more efficiently in vitro, suggesting a correlation between the efficiency of in vitro internalization and severe outcomes of infection (7, 25) . S. pyogenes does not replicate intracellularly in the presence of antibiotics that prohibit extracellular growth (15, 37, 43) . However, viable intracellular GAS have been recovered 7 days after uptake by epithelial cells (32) , although additional reports indicate that GAS persist intracellularly for 24 h after uptake (15, 37) . Interestingly, removal of the barrier to extracellular growth results in viable externalized GAS (32) . Internalization of GAS by epithelial cells may transiently sequester the pathogen from host immune defenses and promote the persistence of infection. The ability to maintain infection is likely to increase the chance of an infected individual developing severe disease.
Eukaryotic cells regulate a variety of biological activities by specific proteolysis of cell surface proteins (22) . Proteolytic modification of bacterial surface proteins is an emerging theme among both gram-negative and gram-positive bacterial pathogens. For example, the plasminogen activator or coagulase of Yersinia pestis degrades bacterial outer membrane proteins and is associated with both dissemination and virulence (39, 40) . Staphylococcus aureus is internalized by epithelial cells in an Fn-dependent manner (12) and secretes V8 protease. The V8 protease decreases Fn binding to S. aureus (28) and is thus likely to decrease Fn-dependent internalization and adherence. Similarly, SPE B-mediated remodeling of the bacterial cell surface may enable S. pyogenes to respond rapidly to changing environmental conditions. SPE B is secreted in response to specific environmental signals. The protein is detected in culture supernatant fluid of strain NZ131 during the stationary phase of growth, and production in rich medium correlates with the depletion of nutrients (6) . Although the regulation of speB expression is associated with nutrient starvation, the protease does not provide peptides or amino acids for catabolism (35) . We speculate that SPE B remodeling of the bacterial cell surface decreases adherence and internalization to promote dissemination, in concert with direct degradation of extracellular matrix proteins.
